Clostridium thermocellum polynucleotide kinase/phosphatase (Pnkp) 2 is a multifunctional enzyme that catalyzes the phosphorylation of 5Ј-OH termini of DNA or RNA polynucleotides and the dephosphorylation of 3Ј-phosphate and 2Ј-phosphate ribonucleotides (1). CthPnkp also catalyzes an autoadenylylation reaction via a polynucleotide ligase-type mechanism. These characteristics are consistent with a role in end-healing during RNA or DNA repair. The 870-amino acid CthPnkp polypeptide is composed of 3 catalytic domains, which are an N-terminal module that resembles the polynucleotide kinase domain of bacteriophage T4 Pnkp, a central metal-dependent phosphoesterase module, and a C-terminal module that resembles the nucleotidyltransferase domain of polynucleotide ligases (1). Homologs of CthPnkp are found in the proteomes of other bacterial genera, including Kinetococcus, Nostoc, Streptomyces, Fusobacterium, Bacillus, Helicobacter, Deinococcus, and Thermobifida.
His-264 is believed to coordinate the oxygen of the leaving group. Although a mechanism of proton relay to the leaving group via the interacting aspartate and histidine residues has been discussed for the metallophosphoesterase family (4, 11, 16) , the effects of conservative mutations at these positions in CthPnkp are not consistent with general acid catalysis via proton transfer. Specifically, we reported that replacing His-264 with asparagine restored phosphomonoesterase activity with 2Ј-AMP to wild-type levels and resulted in higher than wildtype activity with p-nitrophenyl phosphate (2) . Similarly, Funhoff et al. (17) reported an increase in the activity of purple acid phosphatase when His-92 (equivalent to His-264 in CthPnkp) was substituted by asparagine, leading them to conclude that the histidine does not act as a general acid.
Here we report that CthPnkp is exceptional among known binuclear metallophosphoesterases in that it is adept at hydrolyzing both phosphodiester and phosphomonoester substrates. Exploiting an extensive collection of mutants, we find that the phosphodiesterase and monoesterase reactions rely on overlapping, but different ensembles of active site functional groups. Moreover, the requirements for the phosphodiesterase and monoesterase activities can vary according to the divalent cation cofactor. We describe mutated versions of CthPnkp with altered metal and substrate specificities, including maneuvers that transform an undifferentiated Mn 2ϩ /Ni 2ϩ -dependent diesterase/monoesterase into an enzyme that only hydrolyzes a phosphodiester in the presence of manganese. Our findings illuminate the reaction mechanism and provide clues to the evolution of biochemical specificity within the metallophosphoesterase superfamily.
EXPERIMENTAL PROCEDURES
Materials-p-Nitrophenyl phosphate, bis-p-nitrophenyl phosphate, and p-nitrophenol were purchased from Sigma. Malachite green reagent was purchased from BIOMOL Research Laboratories, Plymouth Meeting, PA.
Recombinant CthPnkp-Wild-type CthPnkp and mutated versions with single amino acid substitutions were produced in Escherichia coli as His 10 -tagged fusions and purified from soluble bacterial extracts by nickel-agarose chromatography as described previously (2) .
Hydrolysis of p-Nitrophenyl Phosphate and Bis-p-nitrophenyl Phosphate-Reaction mixtures (25 l)
containing 50 mM TrisHCl (pH 7.5 or 8.0), 10 mM p-nitrophenyl phosphate or bis-pnitrophenyl phosphate, divalent cations, and CthPnkp as specified were incubated for 30 min at 45°C. The reactions were quenched by adding 20 mM EDTA and then 0.9 ml of 1 M Na 2 CO 3 . Release of p-nitrophenol was determined by measuring A 410 and interpolating the value to a p-nitrophenol standard curve. Phosphate release was measured colorimetrically using the malachite green method (19) . The reactions were quenched by adding 20 mM EDTA and then 1 ml of malachite green reagent. Release of phosphate was determined by measuring A 620 and interpolating the value to a phosphate standard curve.
RESULTS

Active Site Requirements for Mn
2ϩ -dependent Phosphomonoesterase Activity of CthPnkp-Purified wild-type CthPnkp and 10 alanine mutants (2) were assayed for hydrolysis of 10 mM p-nitrophenyl phosphate in the presence of 0.5 mM manganese. Nine of the alanine mutations either abolished or severely FIGURE 1. Metallophosphoesterase active site. The figure depicts the active site of the manganese-and sulfate-bound phosphatase (molecule C) from the crystal structure (7) (PDB 1G5B). The amino acid side chains coordinating the binuclear metal cluster and the sulfate ion are shown. The corresponding amino acids of CthPnkp are indicated in parentheses. The manganese ions are colored cyan; Mn1 is at right, and Mn2 is at left in the view shown. Water is colored red. The structure is predicted to mimic the product (P i ) complex of the enzyme. diminished the phosphomonoesterase activity with p-nitrophenyl phosphate ( Fig. 2A) . Our operational definition of a significant mutational effect is one that reduces activity to Ͻ15% of the wild-type value. The residues defined as important for Mn 2ϩ -dependent phosphomonoester hydrolysis included all of the predicted direct or water-mediated ligands of the dinuclear metal cluster. The notable finding was that Arg-237 and His-264, which are predicted to contact the phosphate (Fig. 1) , were critical for Mn 2ϩ -dependent phosphomonoesterase activity. We showed previously that these two residues were not required for Ni 2ϩ -dependent hydrolysis of p-nitrophenyl phosphate (2) . It appears that the enzyme relies on different catalytic residues to hydrolyze the same substrate when the metal cofactor is varied. Asp-236, which interacts with His-264, was not important for monoesterase activity in the presence of manganese (Fig. 2A) ; this finding agrees with the dispensability of this residue for Ni 2ϩ -dependent hydrolysis of p-nitrophenyl phosphate reported previously (2) .
The effects of the conservative mutations on the Mn 2ϩ -dependent hydrolysis of p-nitrophenyl phosphate are shown in Fig. 2B . Metal binding residues Asp-187, His-189, Asn-263, and His-323 were strictly essential, i.e. conservative replacements of Asp-187 by asparagine or glutamate, Asn-263 by aspartate or glutamine, and His-189 and His-323 by asparagine or glutamine failed to revive activity. These results agree with the strict essentiality of Asp-187, His-189, Asn-263, and His-323 for p-nitrophenyl phosphate hydrolysis in the presence of nickel (2) . The findings that conservative mutations H376N and D392E restored activity to 70 and 56% of the wild-type level, respectively (Fig. 2B ), were surprising, because both of these mutations abolished hydrolysis of p-nitrophenyl phosphate in the presence of nickel (2) . His-376 is predicted to coordinate Mn2 via N␦ (Fig. 1) . Asparagine is partially isosteric with histidine, particularly with respect to N␦. The fact that CthPnkp is active in the presence of Mn 2ϩ when His-376 is replaced by Asn but inert when glutamine (a potential isostere of histidine N⑀) is introduced signifies that (i) the predicted atomic contacts are likely correct, and (ii) the CthPnkp is clearly more tolerant of a conservative substitution when divalent ion site 2 is occupied by manganese instead of nickel. Asp-392 is predicted to make a water-mediated contact to Mn1 of the dinuclear metal cluster (Fig. 1) . Whereas D392E was active as a Mn
2؉
-dependent phosphomonoesterase, D392N was defective (6% of wild-type; Fig. 2B ). These results highlight the importance of the carboxylate functional group at position 392 and the flexibility of the active site in accommodating the larger glutamate side chain when the resident metal is manganese but not nickel. The same theme emerges from the finding that replacing Asp-233 (which binds both metals) with glutamate restored Mn 2ϩ -dependent monoesterase activity to 18% that of wild type, whereas the asparagine mutant was severely defective (Fig. 2B) . The D233E mutation abolished p-nitrophenyl phosphate hydrolysis in the presence of nickel (2) .
The essential function of His-264 in Mn 2ϩ -dependent hydrolysis of p-nitrophenyl phosphate could be fulfilled by asparagine but not glutamine (Fig. 2B) . We had noted previously that glutamine at position 264 was also detrimental to the Ni 2ϩ -dependent reaction (2) . The present results reinforce our inferences that (i) His-264 does not serve as an obligate proton donor to the leaving group during the monoesterase reaction no matter what the divalent cation, and (ii) Asn might substitute for His-264 by coordinating a water that helps expel the leaving group (2) . Whereas Asp-236, which is predicted to contact His-264, is not essential for Mn 2؉ -dependent cleavage of p-nitrophenyl phosphate and can be functionally replaced by Asn with no effect on activity (Fig. 2B) , the Glu change reduced function to 13% of wild-type, implying a steric constraint on this side chain.
The conservative change of Arg-237 to lysine resulted in a partial restoration of activity (18% of wild type), but the glutamine change had no salutary effect (3% of wild type). We surmise that positive charge at this position is critical for Mn 2؉ -dependent activity and that a bidentate interaction of the arginine, analogous to that seen in Fig. 1 , is optimal. These results are in contrast to the structure-activity relationships for Ni 2ϩ -dependent hydrolysis of p-nitrophenyl phosphate whereby R237Q displayed an even higher k cat than did wildtype CthPnkp, whereas the turnover number of the R237K mutant was only 13% that of the wild-type value (2 ) but had little effect on substrate binding (K m 13 mM). The H264N change resulted in a significant increase in turnover number compared with wild-type (to 8800 min Ϫ1 ) accompanied by an increase in the K m for substrate (to 75 mM). H264N caused a similar increase in k cat in the presence of nickel, albeit with no penalty in substrate affinity (2) . The H376N and D392E mutations increased the affinity for p-nitrophenyl phosphate by an order of magnitude (K m values of 1.0 and 1.3 mM, respectively) accompanied by decreases in k cat to 315 and 205 min Ϫ1 , respectively. It appears that conservative changes in the Mn 2ϩ coordination complexes can enhance the binding of the substrate, presumably via influencing the direct metal-phosphate contacts depicted in Fig. 1 .
Phosphodiesterase Activity of CthPnkp with Bis-p-nitrophenyl Phosphate-Many members of the binuclear metallophosphoesterase family display specificity for phosphomonoester (e.g. p-nitrophenyl phosphate) versus phosphodiester (bis-pnitrophenyl phosphate) substrates (12, 15, 18) . CthPnkp is exceptional in that we find it has robust activity with either of these generic substrates. CthPnkp-catalyzed release of p-nitrophenol from 10 mM bis-p-nitrophenyl phosphate required a divalent cation that could be either manganese or nickel (Fig. 3) . A metal titration experiment revealed that activity was optimal at 0.5 mM concentrations of either Ni 2ϩ or Mn 2ϩ , with manganese being the superior cofactor (data not shown). Activity was optimal at pH 8.0 in the presence of either Ni 2ϩ or Mn 2ϩ and declined sharply at pH Յ6.5 (data not shown). Magnesium, calcium, cobalt, cadmium, copper, and zinc (at 0.5 mM concentration) were either inactive or much less active than manganese (Fig. 3) . A mixing experiment was performed in which reactions containing 0.5 mM manganese were supplemented with 0.5 mM concentrations of each of the other divalent cations. Whereas nickel, magnesium, and calcium were without effect, cobalt, cadmium, copper, and zinc suppressed phosphodiesterase activity (Fig. 3) . A simple interpretation of these results is that copper, cobalt, cadmium, and zinc compete with manganese for one or both sites in the binuclear metal cluster to generate a catalytically impaired metalloenzyme, whereas magnesium and calcium do not compete well with manganese for the metal-binding sites.
We surveyed the collection of 10 alanine mutants for their ability to hydrolyze bis-p-nitrophenyl phosphate in the presence of Mn 2ϩ ( Fig. 4A ) and Ni 2ϩ (Fig. 4B ). Six side chains were essential for the phosphodiesterase reaction irrespective of the metal cofactor: Asp-187, Asp-233, Asn-263, His-323, His-376, and Asp-392. All six of these essential residues are involved in metal coordination (Fig. 1) . Three side chains, Asp-236, Arg-237, and His-264, were not only dispensable for phosphodiesterase activity with either Mn 2ϩ or Ni 2ϩ , but the D236A, R237A, and H264A mutants displayed even higher phosphodiesterase activity than did wild-type CthPnkp (Fig. 4) . The retention of full Mn 2ϩ -dependent phosphodiesterase activity by the R237A and H264A proteins contrasts sharply with their severe defects in Mn 2ϩ -dependent phosphomonoester hydrolysis ( Fig. 2A) . Finally, the finding that His-189 was essential for phosphodiester hydrolysis in the presence of Ni 2ϩ but dispensable when Mn 2ϩ was the metal cofactor ( Fig. 4A) , was mostsurprisinggiventhattheH189AchangeabolishedMn 2ϩ -dependent phosphomonoesterase activity ( Fig. 2A) . We infer that CthPnkp relies on different enzymic functional groups to hydrolyze phosphodiester versus phosphomonoester substrates.
Structure-Function Relationships for CthPnkp Phosphodiesterase Activity-Conservative mutants were assayed for Mn 2ϩ and Ni 2ϩ -dependent phosphodiesterase activity with 10 mM bis-p-nitrophenyl phosphate (Fig. 5) . The Ni 2ϩ -dependent phosphodiesterase tolerated no conservative substitutions at any of the seven metal binding residues deemed essential by the alanine scan (Fig. 5B) . Thus, the metal-binding site of CthPnkp lacks plasticity in the presence of Ni 2ϩ . In contrast, the Mn 2ϩ -dependent phosphodiesterase activity was restored when the metal ligand His-376 was replaced by asparagine (Fig. 5A) , echoing the findings for restoration of Mn 2ϩ -phosphomonoesterase function by this change (Fig. 2B) . Replacing Asp-392 with either glutamate or asparagine restored manganese-dependent phosphodiesterase activity to more than twice the level of the wild-type enzyme (Fig. 5A) . The gain of phosphodiesterase function by D392N recapitulated the effect seen on the phosphomonoesterase (Fig. 2B) , but the salutary effects of the D392E change were specific to the phosphodiesterase. Whereas the removal of the metal binding His-189 side chain in the alanine mutant did not affect Mn
-phosphodiesterase activity, the conservative substitutions with Asn and Gln reduced activity to 7 and 30% of the wild-type value, respectively (Fig.  5A ). Further studies of the role of His-189 will be presented below.
The H264N change resulted in greater than wild-type phosphodiesterase activity with either metal (Fig. 5) , consistent with the effects of the H264A mutation (Fig. 4) . The H264Q change elicited a gain of function for Mn 2ϩ -phosphodiesterase (Fig. 5A) , which was opposite to the strongly deleterious effect on the Mn 2ϩ -phosphomonoesterase activity seen in Fig. 2B . (Table 2 ). Kinetic parameters were determined for proteins mutated at residues Asp-236, Arg-237, and His-264. The most striking findings were that the R237A and R237Q changes increased k cat by factors of 11 (1160 min Ϫ1 ) and 19 (1980 min Ϫ1 ), respectively, accompanied by 3-fold decrements in substrate affinity (K m 18 mM). In contrast, the R237K change exerted more modest (2-fold) effects in weakening substrate affinity (K m 12 mM) and enhancing turnover (218 min Ϫ1 ) for the phosphodiesterase reaction. These results contrast with previous kinetic analysis of the Ni 2ϩ -phosphomonoesterase reaction, which showed that the R237A and R237K mutations reduced k cat to 43 and 13% of the wild-type value, respectively (2) .
Whereas the H264A and H264N changes stimulated k cat for phosphodiesterase 11-fold (1080 min Ϫ1 ) and 7-fold (720 min Ϫ1 ), respectively, with relatively little impact on K m for bisp-nitrophenyl phosphate, H264Q reduced turnover to about half (55 min Ϫ1 ) the wild-type level. The enhancement of phosphodiesterase k cat by H264N agrees with prior kinetic data for the Ni 2ϩ -phosphomonoesterase reaction, yet the results 
Kinetic Parameters for Mn 2ϩ -dependent Hydrolysis of Bis-pnitrophenyl Phosphate-Mn
2ϩ -dependent hydrolysis of bis-pnitrophenyl phosphate to p-nitrophenol by wild-type CthPnkp increased with substrate concentration up to 20 mM without attaining saturation. We were unable to test higher concentrations of bis-p-nitrophenyl phosphate because of issues of solubility and maintenance of the pH of the reaction mixture. Nonetheless, we were able to extrapolate from a double-reciprocal plot of the titration data a K m value of ϳ88 mM and a k cat of 1390 min Ϫ1 (Table 3) . Kinetic parameters were evaluated for proteins mutated at residues His-189, Asp-236, Arg237, His-264, and Asp-392. The H189A change resulted in a 13-fold increase in substrate affinity (K m 6.6 mM) that was balanced by a 6-fold decrease in k cat (223 min Ϫ1 ) (Table 3) , which explains why the H189A mutant had "wild-type" activity in the single point assay at 10 mM substrate (Fig. 4A ). H189Q elicited a similar decrement in turnover as did H189A but only a modest improvement in substrate affinity (K m 26 mM). The D392E and D392N mutants bound bis-p-nitrophenyl phosphate 18-fold (K m 5 mM) and 12-fold (K m 7.4 mM) more avidly than the wildtype enzyme, respectively; their turnover numbers were 38 and 60% that of the wild-type k cat .
The H264A mutation resulted in a prodigious gain of Mn 2ϩ -phosphodiesterase by virtue of a 11-fold increase in k cat (15,200 min Ϫ1 ) and a 3-fold enhancement in affinity for bis-p-nitrophenyl phosphate (K m 24 mM) ( Table 3) ; these effects are particularly striking given that H264A strongly suppressed Mn 2ϩ -dependent phosphomonoesterase activity ( Fig. 2A) . H264Q conferred a 2-fold increase in turnover and a 2-fold decrease in K m for bis-p-nitrophenyl phosphate. We were unable to determine the kinetic parameters for H264N because activity increased linearly with bis-p-nitrophenyl phosphate up to the highest concentrations tested, which implied that the K m of H264N was even higher than that of wild-type CthPnkp (which agrees with the increased K m of H264N for p-nitrophenyl phosphate seen in Table 1 ). We experienced similar difficulties in bis-p-nitrophenyl phosphate titration experiments with mutants R237A, R237Q, and R237K. The D236A and D236N mutations enhanced substrate affinity by 7-fold (K m 12 mM) and 18-fold (K m 5 mM), respectively, while increasing k cat by 2-and 3-fold to 2610 and 3950 min Ϫ1 , respectively.
CthPnkp Acts Processively in Hydrolyzing Bis-p-nitrophenyl
Phosphate-Cleavage of the phosphodiester bond of bis-p-nitrophenyl phosphate results in the formation of p-nitrophenyl phosphate and the release of p-nitrophenol. Assays of phosphodiesterase activity by p-nitrophenol production do not address the fate of the p-nitrophenyl phosphate product, which is a potential substrate for the phosphomonoesterase activity of CthPnkp. The latter reaction would yield a second molecule of p-nitrophenol plus inorganic phosphate. If CthPnkp catalyzes serial phosphodiesterase and phosphomonoesterase reactions without dissociation of the p-nitrophenyl phosphate product of the first step (e.g. via a processive mechanism), then the initial kinetic profile of the reaction under conditions of limiting enzyme would reveal the simultaneous release of both p-nitrophenol and phosphate in a 2:1 molar ratio. However, if the p-nitrophenyl phosphate product dissociates from the enzyme after the phosphodiesterase reaction (indicating a distributive mechanism), then p-nitrophenyl phosphate must compete with the vast molar excess of the bis-p-nitrophenyl phosphate substrate, in which case there would be a significant lag before free phosphate is detected.
In the experiment shown in Fig. 6 , we followed the kinetics of p-nitrophenol and P i production by wild-type CthPnkp in a reaction mixture containing 0.5 mM Mn 2ϩ and 10 mM bisp-nitrophenyl phosphate. We observed simultaneous formation of both products in a 2.1 to 1 molar ratio during a temporal window in which Յ10% of the input diester substrate was consumed. The same pattern of product formation (ϳ2:1 ratio of p-nitrophenol to phosphate with no lag in the appearance of phosphate) was seen when the phosphodiesterase reaction of wild-type CthPnkp was performed in the presence of 0.5 mM Ni 2ϩ (not shown). We surmise that CthPnkp catalyzes sequential phosphodiesterase and phosphomonoesterase reactions via a processive mechanism.
Product Formation during Phosphodiester Hydrolysis by Separation-of-function Mutants-Kinetic analyses of product formation were also conducted with several of the CthPnkp mutants that we identified presently as being active as Mn 2ϩ -dependent phosphodiesterases but selectively impaired with respect to their Mn 2ϩ -dependent phosphomonoesterase activities. For example, we found that H189A, R237A, R237Q, H264Q, and H264A formed no detectable free phosphate during a 30-min reaction in which the respective enzymes formed molar amounts of p-nitrophenol that corresponded to between 8 and 97% of the input bis-p-nitrophenyl phosphate substrate (Fig. 6) . The separation of function was most obviously complete in the case of the phosphodiesterase reaction of H264A, which converted virtually all of input bis-p-nitrophenyl phosphate to p-nitrophenol in 20 min, yet failed to produce any free 
phosphate even after 30 min (Fig. 6) . The rates of phosphate release by the D392N and D236E mutants were 2 and 5% of their rates of p-nitrophenol production, which implies a residual amount of monoesterase activity, consistent with the results in Fig. 2B .
Effects of Converting Individual Metal Binding Histidines to
Carboxylates-We considered the possibility that the specificity of CthPnkp for manganese or nickel might reflect the presence of "soft" nitrogen ligands in each of the two metal coordination complexes. Thus, we queried the effects replacing the individual metal binding histidine side chains at positions 189, 323, and 376 with the "harder" oxygen-containing functional groups of aspartate and glutamate. The new H189D, H189E, H323D, H323E, H376D, and H376E mutants were produced in Escherichia coli as His 10 -tagged fusions in parallel with wildtype CthPnkp and then purified from soluble bacterial extracts by affinity chromatography. SDS-PAGE analysis showed that the protein preparations consisted principally of an ϳ100-kDa polypeptide corresponding to His 10 -CthPnkp (Fig. 7A ). The mutants were tested for hydrolysis of 10 mM p-nitrophenyl phosphate and 10 mM bis-p-nitrophenyl phosphate in the presence of Ni 2ϩ or Mn 2ϩ . None of the six carboxylate-substituted mutants was competent for Ni 2ϩ -dependent phosphomonoesterase activity, and only one, H376D, displayed activity in Mn 2ϩ -dependent hydrolysis of p-nitrophenyl phosphate, at a level of 20% that of the wild-type CthPnkp control (Fig. 7B) .
The H189E change was the only one of the six that enabled significant Ni 2ϩ -dependent phosphodiesterase activity to the extent of 54% of the wild-type enzyme (Fig. 7C) . The remarkable results were that the H189D and H189E substitutions not only sufficed for Mn 2ϩ -dependent phosphodiesterase activity but stimulated activity compared with wild-type CthPnkp under the same reaction conditions (Fig. 7C) . Further analysis showed that the H189D elicited its gain of function via a 24-fold increase in the affinity for substrate (K m 3.6 mM, the lowest value for any of the proteins tested) while slightly increasing the k cat to 2160 min Ϫ1 (Table 3 ). In contrast, the gain of function of the H189E enzyme was attributable almost entirely to a 5-fold enhancement of k cat (7050 min Ϫ1 ), with K m remaining high at 58 mM. H376D also displayed Mn 2ϩ -dependent phosphodiesterase activity in the screening assay, at a level of 62% that of the wild-type enzyme (Fig. 7C) . The H376D mutation caused an 18-fold increase in substrate affinity (K m 5 mM) that was offset by a 11-fold decrement in k cat (128 min Ϫ1 ) ( Table 3) . None of the six carboxylate mutations conferred upon CthPnkp the ability to hydrolyze bis-p-nitrophenyl phosphate in the presence of magnesium.
DISCUSSION
Our analysis of the catalytic properties of CthPnkp underscores its dual functionality as a metal-dependent phosphodiesterase and phosphomonoesterase. CthPnkp is exceptional in this respect among the binuclear metallophosphoesterases, which typically hydrolyze either bis-p-nitrophenyl phosphate or p-nitrophenyl phosphate but not both (12, 18) . Our analyses of the effects of alanine and conservative mutations of CthPnkp underscore the following themes. (i) The phosphodiesterase and phosphomonoesterase reactions rely on overlapping, but nonidentical constellations of active site functional groups; (ii) the enzyme is more tolerant of alterations at the active site when operating with manganese instead of nickel as the metal cofactor; (iii) wild-type CthPnkp is catalytically "underpowered," as evinced by the large gains of function elicited by certain mutations; (iv) the undifferentiated diesterasemonoesterase can be converted to an enzyme with narrower metal and substrates specificities via alterations of the active site environment.
Using the crystal structure of the homologous phosphatase (7) as a hermeneutic guide, we conclude that the metal binding carboxylate functional groups at CthPnkp residues Asp-187 and Asp-233, the metal binding imidazole of His-323, and the amide group of Asn-263 that coordinates both metal and phosphate are critical for all activities of CthPnkp no matter what the metal cofactor. On the other hand, the enzyme displays impressive plasticity in accommodating side chain substitutions at the other three metal ligands (His-189, His-376, and Asp-392), especially when manganese is the cofactor, and bis-p-nitrophenyl phosphate the substrate. It was particularly intriguing to us that the H189A mutant retained Mn 2ϩ -dependent phosphodiesterase activity, given that this histidine residue directly coordinates Mn1 via N⑀ and is essential for all other activities of CthPnkp. It is conceivable that one of the nitrate groups of the bis-p-nitrophenyl phosphate substrate might occupy the space in the Mn1 coordination complex that is vacated when histidine is replaced by alanine, and thereby instate a mechanism of substrate-assisted catalysis. This model predicts that the H189A change should increase the affinity for bis-p-nitrophenyl phosphate (manifest by a lowered K m value) by adding a new binding interaction between substrate and active site that is not present in the wild-type enzyme; this is indeed what is observed (Table 3) . By extension of this reasoning, the lower k cat of H189A might be caused by a proportionate reduction of the product off-rate. A second implication of the model is that an oxygen atom should be able to replace His-189 N⑀ in the Mn1 coordination sphere whether donated from the nitrate of the substrate or a side chain on the enzyme. This idea is borne out by the finding that replacing His-189 by aspartate resulted is a profound gain of function specific to the Mn 2ϩ -dependent phosphodiesterase reaction. Replacing His-189 with glutamate accelerated the k cat of the phosphodiesterase reaction to an even greater extent, albeit without the increased substrate affinity obtained with aspartate. We surmise that Mn1 prefers the oxygen ligand at this position.
The Mn 2ϩ -dependent reactions of CthPnkp uniquely accommodated the conservative changes of Asp-392 to glutamate or asparagine. Because the Asp-392 side chain is predicted to make a water-mediated contact to Mn1, we suspect that the same function can be performed by asparagine (via hydrogen bonding to water). The larger glutamate side chain might either coordinate the water or extend further into the active site and coordinate Mn1 directly.
The Arg-237 side chain that coordinates the phosphate is critical for the Mn 2ϩ -dependent phosphomonoesterase but dispensable for the phosphodiesterase activity. Replacing the arginine by alanine or glutamine strongly stimulates phosphodiesterase activity compared with wild-type CthPnkp. The gain of function reflects a large increase in k cat , partially offset by an increase in the K m for the substrate. We surmise that the arginine contributes to substrate binding via the bidentate interactions with two of the phosphate oxygens seen in the phosphatase structure (Fig. 1) . The elevation in k cat when these contacts are lost likely reflects an increase in the rate of product release, which we suspect is rate-limiting for wild-type CthPnkp in the steady state. Clearly, the arginine is not critical for the chemistry of the CthPnkp phosphodiesterase reaction, a finding that jibes with the fact that Mre11, a member of the binuclear metalloesterase family that catalyzes a Mn 2ϩ -dependent DNA phosphodiesterase reaction, has no equivalent of the Arg-237 residue in its active site (11) . We speculate that the specific requirement for Arg-237 in the CthPnkp Mn 2ϩ -phosphomonoesterase reaction might reflect the differences in electrostatics of the monoesterase and diesterase reactions whereby the greater negative charge on the monoester (nominally Ϫ2 in the ground state and Ϫ3 in the presumed associative transition state) versus the diester (Ϫ1 in the ground state and Ϫ2 on the transition state) demands neutralization by the arginine side chain.
His-264 is critical for Mn 2ϩ -dependent phosphomonoesterase activity but not for the phosphodiesterase activity of CthPnkp, which is stimulated when the histidine is replaced by alanine or asparagine. There has been discussion of the possible role of this conserved histidine in leaving group expulsion during catalysis by the binuclear metallophosphoesterases (4, 11, 16 ). Yet in the present instance it is unlikely that the differential requirement for His-264 for the diesterase and monoesterase reactions of CthPnkp can be explained on this basis, insofar as the p-nitrophenol leaving group is the same in both reactions.
The upshot of our findings here is that the metal and substrate specificity and the absolute catalytic power of the CthPnkp phosphoesterase can be manipulated by subtle changes in the active site milieu. Such plasticity provides a framework for delineating how members of the binuclear metallophosphoesterase superfamily might have evolved their distinct biochemical and biological specificities, e.g. we have artificially "evolved" CthPnkp from a relatively promiscuous esterase to a Mn 2ϩ -specific phosphodiesterase. Whereas the biological substrate for the CthPnkp phosphoesterase remains to be defined, we predict by virtue of its association with a polynucleotide kinase and a ligase-like adenylyltransferase that CthPnkp is involved in nucleic acid repair (preliminary experiments indicate that CthPnkp is able to perform the two end-healing steps of tRNA splicing in vitro). The availability of protein variants with distinctive biochemical properties affords a set of useful tools for examining this putative repair function.
